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ABSTRACT 
Starch is the main component in the wheat endosperm and exists in two forms 
including A- and B-type granules. A bread wheat line CB037A and an Aegilops line A 
crassa were studied for the underlying starch biosynthesis mechanism in relation to 
granule types. The wheat line contains both types of starch granules while the 
Aegilops line only has the A-type. Differential starch granule development patterns of 
these two species were observed at the morphological level. A total of 190 
differentially expressed proteins (DEPs) were detected between the two lines based on 
2-D electrophoresis, among which 119 DEPs were identified, representing 13 unique 
proteins. Gene ontology annotation analysis indicated that both molecular functions 
and biological processes of the identified proteins are highly conserved. Different 
Phosphorylation modification levels between the A- and B-type starch granules were 
found. Real-time quantitative reverse transcription PCR analysis revealed that a 
number of key genes including starch synthase I-1, pullulanase, isoamylase and 
starch branching enzyme IIa were differentially expressed between the two species. 
Our results demonstrated that the large granule size is associated with higher activities 
of multiple starch biosynthesis enzymes. The phosphorylation of starch biosynthesis 
enzymes is related with the formation of B-type starch granules. 
Biological significance 
Analysed the proteome, transcriptome and phosphorylation of core starch granule 
biosynthesis enzymes and provided new insights into the differential mechanisms 
underlying the A- and B-type starch granules biosyntheses.  
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KEYWORDS: Starch granule, SEM, 2-DE, MALDI-TOF/TOF-MS, qRT-PCR, 
Phosphorylation. 
 
ABBREVIATIONS  
SSI-1: starch synthase I-1; SSIIa-1: starch synthase IIa-1; SSIIa-3: starch synthase 
IIa-3; GBSS: granule bond starch synthase; GBSSI: granule bond starch synthase I; 
SBEI: Sstarch branching enzyme I; SBEIIa: starch branching enzyme IIa; SBEIIb: 
starch branching enzyme IIb; AGPase small subunit: adenosine 5’ diphosphate 
glucose pyrophosphorylase small subunit; AGPase larger subunit: adenosine 5’ 
diphosphate glucose pyrophosphorylase larger subunit; Pull: pullulanase; Iso: 
isoamylase; ADPGlc: adenosine 5’ diphosphate glucose; DP: degree of 
polymerization; DPA: days post anthesis; SEM: scanning electron microscope; RDS: 
rapidly digestible starch; SDS: slowly digestible starch; MALDI-TOF/TOF-MS: 
matrix-assisted laser desorption/ionisation time-of-flight/time-of-flight mass 
spectrometry; DEPs: differentially expressed proteins; GO: gene ontology; CBB: 
coomassie brilliant blue; qRT-PCR: real-time quantitative reverse-transcription 
polymerase chain reaction.
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INTRODUCTION 
Starch is the main component in the wheat endosperm that accounts for about 70% of 
dry seed weight. It is the main source of energy for human consumption which 
represents up to 80% of daily caloric intake. Starch variation also has a wide range of 
impacts on human health [1-3]. World annual starch production from cereals is 
approximately 2,050 million tonnes [4], which are widely used  in fields such as 
plastic, pharmacy, building, and textile [5-8]. 
Starch molecule deposit in the starch granule as a semi-crystalline structure [9,10]. 
Based on their diameters, starch granules can be classified into three types, A-type 
(diameters greater than 10 µm), B-type (diameters between 5 and 10 µm), and C-type 
(diameters less than 5 µm). However, the B-type and C-type are usually combined 
together as B-type starch granules (diameters less than 10 µm) [11-13]. The A-type 
starch granules show a lenticular shape that are formed starting from 4 days post 
anthesis during grain development and continues to increase in size until the end of 
grain-filling period. While, the B-type starch granules show a spherical shape that are 
initiated at 11 days post anthesis and maintains the small size until the end of 
grain-filling [14,15]. 
Starch granules are mainly composed of amylose and amylopectin. Amylose is a 
kind of polysaccharides with a linear structure of alpha-(1-4) linked D-glucose units; 
whereas amylopectin is a type of polysaccharides that has highly branched structure 
of short alpha-(1-4) chains linked by alpha-(1-6) bonds. The starch granules 
biosynthesis is a complex process that involves a serial of enzymes, mainly including 
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Adenosine 5’ diphosphate glucose pyrophosphorylase (AGPase), Starch Synthase 
(SS), Granule Bound Starch Synthase (GBSS), Starch Branching Enzyme (SBE), and 
Starch Debranching Enzyme (DBE) [16]. The biosynthesis procedure of starch 
granule starts from the AGPase functioning which is responsible for the production of 
adenosine 5’ diphosphate glucose (ADPGlc) that is the soluble precursor and substrate 
for starch synthases [17-19]. Then starch synthase (SS) begins to extend the starch 
chain by synthesizing alpha-(1-4) bond. The Starch synthase include two big groups, 
SS and GBSS. SS contains four isoforms, SSI, SSII, SSIII, and SSIV [20]. Among 
these, SSI is primarily responsible for the shortest glucan chains synthesis with its DP 
(degree of polymerization) less than 10 glucosyl units [21]. SSII can be further 
divided to SSIIa and SSIIb [22, 23]. In monocots, SSIIa is specific to extension of 
short chains (DP ≤ 10 glucosyl units), which is synthesized by SSI, to form 
intermediate-size chains with DP ranging from 12 to 24 glucosyl units [24]. The 
GBSS is encoded by the Waxy locus in cereals and is responsible for elongation of 
amylose [25, 26]. GBSS can also be further separated to GBSSI that primarily appears 
in storage tissues and GBSSII that mostly presents in the leaves and other non-storage 
tissues and is responsible for the synthesis of transient starch [27-32]. Apart from 
main glucan chain, starch also contains branch chain that is synthesized by SBE and 
DBE. SBE is the enzyme that synthesizes the branch chains of the amylopectin 
molecule by two steps. Firstly, SBEs cleave internal alpha-(1-4) bonds to release a 
short oligosaccharide chain; secondly, the short oligosaccharide chain is transferred to 
branch chain linked by alpha-(1-6) bond and forms the branch chain [33-35]. After 
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these two steps, some improper branches are removed by starch debranching enzymes 
such as isozymes and pullulan that efficiently hydrolyze alpha-(1-6)-linkages in 
amylopectin [36-39]. The biosynthesis of starch granules is the result of the 
coordinated actions of all enzymes described above that begins with the immediate 
soluble precursor of ADPGlc and end with the formation of a starch granule [16]. 
Protein post-translational modification is a widespread phenomenon in plants, 
which is the most common type among various modifications. Recent studies revealed 
that phosphorylation also occurs in starch granule biosynthesis, suggesting that starch 
metabolic enzymes located in granules are regulated by post-translational 
modification and/or protein-protein interactions [40, 41]. 
Previous evidence supports the hypothesis that starch biosynthesis in the cereal 
endosperm is coordinated by unique combinations of multiple isoforms of AGPase, 
starch synthase (including SS and GBSS) as well as branching and debranching 
enzymes. However, details about the complex cooperation among the above described 
synthases remain unclear [42-44]. Two main challenges in starch research are in two 
aspects. Firstly, it is difficult to extract and separate pure A- and B-type starch 
granules from cereal endosperm. Secondly, it is difficult to remove the saccharides 
and harvest enough proteins from the starch granules for proteomics study due to the 
high content of sugar and very low content of protein in the granules [11].
 
Recently, the relationship between starch properties and human health has 
attracted a wide attention. The nutritional quality of starch strongly depends on its 
structure [45]. The digestion of starch in the human small intestine is a complex 
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process [46], of which the main factor affecting starch digestibility is attributed to the 
ratio of amylose: amylopectin [2]. The ratio of amylase : amylopectin in the A-type 
starch granules is higher than that in the B-type starch granules, approximately 30% 
and 25%, respectively [47]. In addition, due to the structure difference, the A-type 
starch granules have a higher susceptibility to hydrolysis than that of the B-type starch 
granules [48-50]. The A-type starch granule is more easily digestible than the B-type 
starch granule since it contains more short double helices than the B-type starch 
granule [48, 51, 52]. Depending on the digestible property of starch granules, the 
starch can be classified to rapidly digestible starch (RDS) and slowly digestible starch 
(SDS) [45]. The RDS is rapidly digested, resulting in an unstable postprandial blood 
glucose levels, often sharp increase and fast decline in comparison with SDS that is 
usually associated with a sustained level of postprandial blood glucose due to slow 
digestion [53]. In addition, SDS has a moderate impact on the Glycemic Index (GI) 
[53]. Based on the composition difference, the A-type starch granules tend to be 
classified as RDS while the B-type starch as SDS. Clearly understanding the 
differential biosynthesis mechanism between two starch granule types is potentially 
useful in raising the B-type starch granule content through crop breeding to ultimately 
meet the demand of healthy food. 
The objective of this study was to compare the differences of biosynthesis 
mechanisms between the A- and B-type starch granules. Four aspects were studied, 
including microscopic morphology observation, proteomics study at the translation 
level, phosphorylation modifications of key enzymes that involve the starch granule 
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biosynthesis, and gene expression analysis at the transcription level by real-time 
quantitative reverse-transcription PCR (qRT- PCR).  
MATERIALS AND METHODS  
Wheat materials 
A common wheat line CB037A (Triticum aestivum L., AABBDD, 2n=6X=42) and an 
Aegilops crassa line (accession PI330483, Aegilops crassa, DDMM, 2n=4X=28) 
were used in this study. CB037A has characteristics of high yield and disease 
resistance and was developed by the Laboratory of Molecular Genetics and 
Proteomics, Capital Normal University. It contains both A- and B-type starch granules. 
PI330483 was collected from the National Germplasm collection of USA; it only has 
the A-type starch granules. Both lines were grown in the experimental field of the 
Chinese Academy of Agricultural Sciences (CAAS) in Beijing, China in the 2011/12 
season under local field cultivation conditions. The experimental site is characterized 
by average annual sunshine of 2,780 h, average annual temperature of 12.8°C and 
approximately 140 mm rainfall during the wheat growing season. Fertilizer applied to 
soil prior to sowing included 200 kg/ha urea, 400 kg/ha phosphate diamine (P2O5 
16%), 150 kg/ha K2SO4, and 15 kg/ha ZnSO4; no fertilizer was applied after sowing. 
Microscopy technology 
Three types of microscopy technologies were used including optical microscope, 
stereoscopic microscope, and scanning electron microscope (SEM).  
1. Optical Microscope: The starch granules were purified from kernels of 
CB037A and PI330483, and then stained with iodine solution (iodine 0.33% m/v, 
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potassium iodide 0.66% m/v) before observation by optical microscope. The samples 
were prepared according to the method of Loussert et al. [54] and Guillon et al. [55] 
for observation of spatial distribution and development of starch granules within the 
grain across seed development. After the seed samples were collected from different 
growth stages (5 days post anthesis (DPA), 8 DPA, 11 DPA, 14 DPA, 17 DPA, 20 
DPA, 23 DPA, and 26 DPA), they were immediately cut into small pieces 
(approximately 2mm) and fixed in 4% glutaraldehyde in cacodylate buffer (0.1 M, pH 
7.4) for 4 h at 4°C. After three times washing, the samples were post-fixed for 1 h in 
1% OsO4 cacodylate buffer. The samples were then washed 3 times in deionized water 
and stored overnight in deionized water at 4°C. The samples were dehydrated through 
an ethanol concentration series (30%, 50%, 70%, 80%, 85%, 90%, 95%, and 100% 
v/v) with 10 min and two times incubation in each solution then stored overnight in 
100% ethanol at 4°C and infiltrated with LR white resin. The resin was diluted 2:1, 
1:1, and 1:2 (ethanol: resin, v/v) with an overnight incubation in 4°C at each dilution 
step. The samples were then transferred to capsules filled with resin. The resin was 
allowed to polymerize for 1 or 2 days at 4°C under ultraviolet radiation. The samples 
were cut into 1000 nm sections using an Ultracut E Ultramicrotome (microm 
MT-7000, Oklahoma City, USA). Then the samples were deposited on carbon-coated 
200-mesh Nickel grids, fixed in a glutaraldehyde solution (2.5% v/v in phosphate 
buffer) for 5 min, and then stained with Coomassie Brilliant Blue (CBB) for 10 min. 
At each step, the grids were floated on 50 mL droplets. Finally, the grids were washed 
in deionized water, air-dried and stored. 
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2. Stereoscopic Microscope: The seeds of the two lines that were collected from 
nine stages (5 DPA, 8 DPA, 11 DPA, 14 DPA, 17 DPA, 20 DPA, 23 DPA, 26 DPA, 
and mature seeds) were observed directly in 0.6 × magnification under the 
stereoscopic microscope. 
3. Scanning Electron Microscope (SEM): Pure starch granules from the two 
species were treated by vacuum after air dry, then sputter coated with gold palladium 
particles using Dentum Vacuum Desk II. Samples were viewed at 10.0 kV with 
Hitachi Model S-4700 scanning electron microscope. For cross-section inspection, 
grain samples from nine growth stages as above described were harvested and fixed 
immediately in 4% glutaraldehyde in cacodylate buffer (0.1 M, pH 7.4) at 4°C for 
about 7 days until the solution were thoroughly penetrated into the kernel. The 
samples were then dehydrated through an ethanol concentration series (30%, 50%, 
70%, 80%, 85%, 90%, 95%, and 100% v/v) with 10 min and two times incubation in 
each solution, break seeds to two pieces to show a cross-section after treatment by 
vacuum, then operated under the same procedure used for starch granule. 
Starch granule extraction and A- and B-type starch granules fractionation 
A modified and improved method for starch granules extraction and the A- and B-type 
starch granules fractionation was established in this study based on the method 
described by Bancel et al. [11] and Peng et al. [56]. After the grains were milled, 10 g 
flour was weighed and soaked overnight in 100 mL of deionized water at 4°C. The 
mixture was wrapped in four layers of gauze to remove gluten components, and then 
centrifuged at 3,500 g for 5 min. The supernatant was removed and the pellet was 
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collect. After centrifugation, 30 mL of deionized water were added to the pellet. The 
slurry was layered on 60 mL of 80% (w/v) CsCl and centrifuged at 3,500 g for 5 min 
and the supernatant was discarded. The resultant pellets containing the starch granules 
were then washed three times with 30 mL of washing buffer (55 mM Tris-HCl, pH 6.8, 
2.3% (w/v) SDS, 1% (w/v) dithiothreitol (DTT), 10% (v/v) glycerol) for 30 min at 
room temperature. At the beginning of each washing step, granules were disrupted 
with sonication using an ultrasonic processor at 20 W power for a 20 s pulse before 
continuous mixing. The starch granule pellet was also washed three times for 5 min 
with cold deionized water, once with cold acetone and finally air-dried. Each washing 
step was followed by centrifugation at 3,500 g for 5 min. All washing and 
centrifugation were carried out at room temperature to avoid SDS precipitation. 
The starch suspension (0.1 g/mL) was laid on a 70% (v/v) Percoll solution (at 
Saline) and centrifuged at 10 g for 5 min and repeat this step once; the supernatant 
contained the B-type starch granules. The pellet containing A-type starch granules 
was purified by repeating the separation once in a 100% Percoll solution. The starch 
granule pellet was washed three times with deionized water, once with cold acetone 
and finally air-dried. Each washing step was followed by centrifugation at 3,500 g for 
5 min. 
Protein extraction from starch granule  
Starch granules were first washed using SDS buffer (62.5 mM Tris-HCl, pH 8.7, 2% 
(w/v) SDS, 10 mM DTT). The granules : buffer ratio was 50 mg/mL. The mix was 
sonicated at 200 W for 20 s then heated for 10 min at 100°C under constant agitation 
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to allow the starch granules to release their content. The slurry was cooled on ice for 5 
min and then centrifuged at 16, 000 g at 4°C, for 15 min. The supernatant was 
collected. The pellet was washed once again by the same washing step but centrifuged 
immediately after heating at 3,500 g at 4°C for 15 min. The supernatant was also 
collected. Then all supernatants were pooled together. Add one volume of 30% (w/v) 
TCA in acetone into supernatant for protein precipitation. The resulting pellet was 
washed twice with ice cold (-20°C) 80% (v/v) acetone and dried under a gentle stream 
of air. 
In order to remove the high concentration of viscous polysaccharides (amylose) 
in proteins, the TCA/acetone pellet was suspended in 30 mL dense SDS buffer (0.1 M 
Tris-HCl buffer, pH 8.0, 30% (w/v) sucrose, 2% (w/v) SDS, and 5% (v/v) 
2-mercaptoethanol) and 30 mL of Tris-saturated phenol (pH 8.0, Sigma). The mixture 
was gently shook overnight at 4°C and then centrifuged at 17,000 g for 5 min at 20°C. 
The upper phenol phase was pipetted into a new tube, and this step was repeated two 
times. Then 5 volumes of cold 0.1 M ammonium acetate in methanol were added to 
the phenol phase and the mixture was stored at -20°C overnight. Precipitated proteins 
were recovered at 10,000 g for 5 min, and washed with cold methanolic ammonium 
acetate twice and cold 80% acetone twice. The final protein pellet was dried under 
natural conditions, and then dissolved in lysis buffer (7 M urea, 2 M thiourea, 4% w/v 
CHAPS and 65 mM DTT) over night at 4°C. The protein mixtures were harvested by 
centrifugation at 14,000 g for 15 min at 4°C to remove insoluble material. The 
concentration of the protein mixture was determined with a 2-D Quant Kit 
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(Amersham Bioscience) using BSA (2 mg/ml) as standard. The final protein solution 
was stored at -80°C for further use. 
2-DE, image acquisition and data analysis 
For 18 cm (including pH 4-7, and pH 5.3-6.5,) linear gradient IPG strip (GE 
Healthcare), each sample include 50 µg starch granule-associated proteins in 360 µL 
rehydration buffer (7 M urea, 2 M thiourea, 2% w/v CHAPS, 0.2% bromophenol blue) 
containing 65 mM DTT and 0.5% IPG buffer (pH 4-7 and pH 5.3-6.5) (GE 
Healthcare). Isoelectric focusing was performed using a PROTEAN IEF cell (Bio-Rad) 
according to manufacturer’s instruction. Briefly, active rehydration was carried out at 
30 V for 12 h, followed by 300 V for 1 h, 500 V for 1 h, 1,000 V for 1 h, 3,000 V for 1 
h, then focusing at 8,000 V until 80,000 Vh at 20°C. For 24 cm (pH 3-7) nonlinear 
gradient IPG strip (GE Healthcare), each sample include 100 µg starch 
granule-associated proteins in 450 µL rehydration buffer (7 M urea, 2 M thiourea, 2% 
w/v CHAPS, 0.2% bromophenol blue) containing 65 mM DTT and 0.5% IPG buffer 
(pH 4-7) (GE Healthcare). Isoelectric focusing was performed using a PROTEAN IEF 
cell (Bio-Rad) according to manufacturer’s instruction. Briefly, active rehydration was 
carried out at 30 V for 18 h, followed by 300 V for 1 h, 500 V for 2 h, 1,000 V 
gradient for 1000 Vh, then focused at 8,000 V until 80,000 Vh at 20°C. After IEF, the 
strips were equilibrated with an equilibration solution (50 mM Tris-HCl pH 8.8, 6 M 
urea, 30% glycerol, 2% SDS, 0.2% bromophenol blue) containing 1% DTT for 15 
min, followed by a second equilibration step of 15 min with the same equilibration 
buffer, containing 2.5% w/v iodoacetamide. The equilibrated strips were loaded on the 
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top of 12% SDS-polyacylamide gels and sealed with 0.5% w/v agarose. The 
SDS-PAGE step was performed at 15 °C in EttanDalt Twelve (Amersham Biosciences) 
electrophoresis system at constant current setting of 15 mA/gel for 1 h followed with 
20 mA/gel until the bromophenol blue tracking dye arrived at the bottom edge of the 
gel (for 24 cm pH 3-7 nonlinear gradient IPG strip, electrophoresis system at constant 
current setting of 1.5 W/gel for 1 h followed by 15 W/gel for another 4.5 h after the 
bromophenol blue tracking dye arrived at the bottom edge of the gel). Three 
biological replicates were used. For each biological sample, the 2-DE experiments 
were repeated three times for error control. After electrophoresis, gels were stained 
with silver ion or coomassie brilliant blue (CBB). Image analysis was performed with 
Image Master 2D Platinum Software Version 5.0 (Amersham Biosciences). 
Experimental Mr (kDa) of each protein was estimated by comparison with the Mr 
markers, and experimental pIw as determined by its migration on the IPG strip. The 
abundance of each spots was estimated by the percentage volume (% Vol). Only those 
with significant and reproducible changes (abundance variation at least 2-fold, 
Student’s t-Test p < 0.05) were considered to be differentially expressed protein spots. 
Protein identification by MALDI-TOF/TOF-MS 
The selected protein spots were excised from preparative gels, and destained with 100 
mM NH4HCO3 in 30% ACN. After removing the destaining buffer, the gel pieces 
were lyophilized and rehydrated in 30 μL of 50 mM NH4HCO3 containing 50 ng 
trypsin (sequencing grade; Promega). After overnight digestion at 37 °C, the peptides 
were extracted three times with 0.1% TFA in 60% ACN. Extracts were pooled 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 15 
together and lyophilized. The resulting lyophilized tryptic peptides were kept at -80°C 
for mass spectrometric analysis. A protein-free gel piece was used as a control to 
identify autoproteolysis products derived from trypsin. Identification of the spots was 
performed by using matrix-assisted laser desorption/ionisation 
time-of-flight/time-of-flight mass spectrometry (MALDI-TOF/TOF-MS). MS and 
MS/MS spectra were obtained using ABI 4800 Proteomics Analyzer 
MALDI-TOF/TOF-MS (Applied Biosystems, Foster City) operating in a 
result-dependent acquisition mode. Peptide mass maps were acquired in positive ion 
reflector mode (20 kV accelerating voltage) with 1000 laser shots per spectrum. 
Monoisotopic peak masses were automatically determined within the mass range 
800-4000 Da with a signal to noise ratio minimum set to 10 and a local noise window 
width of m/z 250. Up to five of the most intense ions with minimum signal to noise 
ratio 50 were selected as precursors for MS/MS acquisition, excluding common 
trypsin autolysis peaks and matrix ion signals. In MS/MS-positive ion mode, spectra 
were averaged, collision energy was 2 kV, and default calibration was set. 
Monoisotopic peak masses were automatically determined with a signal to noise ratio 
minimum set to 5 and a local noise window width of m/z 250. The MS together with 
MS/MS spectra were searched against NCBI Viridiplantae protein database (1093002 
sequences in total) using software MASCOT version 2.1 (Matrix Science) with the 
following parameter settings: trypsin cleavage, one missed cleavage allowed, 
carbamidomethylation set as fixed modification, oxidation of methionines and 
phosphorylation of serine, threonine, and tyrosine allowed as variable modification, 
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peptide mass tolerance set to 100 ppm and fragment tolerance set to ± 0.3 Da. All 
searches were evaluated based on the significant scores obtained from MASCOT. The 
results were creditable with Protein Score C. I. % and Total Ion Score C. I. % both 
above 95% and significance threshold p < 0.05 for the MS/MS. 
Phosphorylated protein identification 
In this study, the phosphorylation modification was identified by LC-MS/MS 
technology which was repeated three times for error control. For MS analyses, 
peptides were resuspended in 0.1% FA and analyzed by LTQ Orbitrap Elite mass 
spectrometer (Thermo Fisher Scientific) coupled online to an Easy-nLC 1000 
(Thermo Fisher Scientific) in the data-dependent mode. The sample was trapped on a 
150 μm×0.5 mm precolumn and eluted to an analytical 75 μm×150 mm column. 
Peptides were separated by a linear gradient formed by 2% ACN, 0.1% FA (mobile 
phase A) and 98% ACN, 0.1% FA (mobile phase B), from 3 to 30% of mobile phase B 
in 90 min. The mass spectrometer was operated with full scan acquisition in the 
Orbitrap at 24,000 resolutions (350-1800 m/z). The mass spectrometer was operated 
acquiring CID MS/MS scans after each MS1 scan on the 25 most abundant ions with 
MSA central losses of m/z 98, 49, and 32.6. The CID normalized collision energy was 
set to 35. 
The MS Raw data were analyzed using the MaxQuant software version 1.3.0.5 
and searched against the NCBI_triticum database. For searching, the enzyme 
specificity was set to trypsin with the maximum number of missed cleavages set to 2. 
Oxidized methionines, phophorylation addition to serine, threonine, and tyrosin, and 
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N-terminal protein acetylation were searched as variable modifications. 
Carbamidomethylation of cysteines was searched as a fixed modification. The false 
discovery rate (FDR) for peptide, protein, and site identification was set to 1%. 
qRT-PCR 
Total RNA was isolated from frozen samples using TRIzol Reagent (Invitrogen) 
according to the manufacturer’s instructions. Genomic DNA removal and cDNA 
synthesis were conducted by using PrimeScript®RT reagent Kit with gDNA Eraser 
(TaKaRa). Gene-specific primers of each target gene were designed using on-line 
Primer3Plus (www. bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) according 
to Untergasser et al [57]. Primers were checked by blasting primer sequences in the 
NCBI database (http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_ 
LOC=BlastHome), and all primers were specifically consistent with the respective 
sequence of its targeted gene. The primer sequences for the qRT-PCR assays are listed 
in Table 1. Transcription levels of core starch biosynthesis genes were quantified with 
a CFX96 Real-Time PCR Detection System (Bio-Rad) using the intercalating dye 
SYBR-green following the 2(-Delta Delta C(T)) method [58]. ADP-RF 
(ADP-ribosylation factor) was used as the reference gene according to previous report 
[59, 60]. qRT-PCR was performed in a 20 μL volume containing 10 μL 
2×SYBR®Premix Ex Taq™ (TaKaRa), 2 μL 10-fold diluted cDNA, 0.15 μL of each 
gene-specific primers and 7.7 μL ddH2O. The PCR conditions were as follows: 95°C 
for 3 min, 40 cycles of 95°C for 15 s, 58°C for 30 s and 72°C for 25 s. Triplicates for 
each PCR reaction and at least three biological replicates were performed for each 
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gene. The qRT-PCR efficiency was determined by five serial ten-fold dilutions of 
cDNA.  
Bioinformatics analysis 
Proteins were examined using Blast2GO software for gene ontology (GO) annotation 
[61] to generate the distribution charts of the molecular function and biological 
process of the proteins. 
RESULTS 
Starch granule morphology changes during seed development 
Morphological observation by microscope revealed a significant difference in overall 
shapes between the two types of starch granules (Fig. 1). The A-type starch granules 
showed a lenticular shape with the diameters greater than 10 µm, while the B-type 
starch granules had a spherical shape with the diameters less than 10 µm. The average 
diameters of the A-type starch granules from CB037A and PI330483 were 20.72 µm 
and 21.81 µm, respectively, while the B-type starch granules was only 3.79 µm (Fig. 
1C).  
SEM observation of seeds from various development stages (Fig. 2) revealed 
significant appearance differences between seeds and between starch granules across 
various development stages. As expected, CB037A contained both A-type and B-type 
starch granules (Fig. 2A), while PI330483 only contained the A-type starch granules 
(Fig. 2B). These results were also confirmed by light microscope observation of 
semi-thin slice (Fig. 3). These results from suggested that the materials were suitable 
for this study [62,63]. 
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Proteome expression profiles of the A- and B-type starch granule-associated 
proteins  
In order to separate and detect more proteins, three types of IPG pH gradient strips 
(pH 4-7 18 cm linear, pH 3-7 24 cm non-linear, and pH 3.5-6.3 18 cm linear) were 
used to separate the total proteins associated with starch granules. The 2-DE maps 
(Fig. 4 and Fig. 5) of the starch granule-associated proteins from the two types of 
starch granules displayed similar proteome profiles. In total, approximately 1,000 
different protein spots were detected in all gels combined with molecular masses 
ranging from 25 KDa to 120 KDa, which were mostly located in the acidic region 
with pH ranging from 5.0 to 6.0.  
Image analysis by Image Master 2D Platinum Software Version 5.0 revealed a 
total of 190 differentially expressed proteins (DEPs) that had at least 2-fold 
differences in abundance across nine gels. Among these 190 spots, 119 spots (62.6%) 
were identified by MALDI-TOF/TOF-MS with a high confidence (Table. S1). As 
expected, all of these 119 spots are starch synthases. The 119 identified spots included 
13 types of unique proteins, of which most were identified in more than one spot that 
could be the partial or subunits of one protein or due to post-transcription 
modification of proteins, such as phosphorylation and methylation. They were 
granule-bound starch synthase precursor (13 spots), granule bound starch synthase 
partial (13 spots), granule-bound starch synthase (39 spots), granule-bound starch 
synthase 1 (3 spots), starch synthase (GBSSI) (10 spots), granule-bound starch 
synthase Wx-TmA protein (6 spots), Waxy protein (3 spots), Waxy A1 partial (6 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 20 
spots), Waxy B1 (1 spot), Waxy D1 partial (4 spots), starch synthase I-1(6 spots), 
starch synthase IIa-1 (3 spots), and starch synthase IIa-3 (12 spots). 
Ontology annotation analysis of the total identified proteins  
According to the gene ontology (GO) annotation analysis, all of the unique proteins 
(28 unique GI numbers stand for 13 unique proteins) were classified into 8 categories 
by their functions (Fig. S2A). The first four categories involved all 13 unique proteins 
which are Transferase activity (transferring glycosyl groups), Transferase activity 
(transferring hexosyl group), Glucosyltransferase activity, and Starch synthase activity. 
The remaining 4 functional categories were UDP-glucosyltransferase activity (19 
unique GI numbers included), UDP-glycosyltransferase activity (19 unique GI 
numbers included); NDP-glucose-starch glucosyltransferase activity (12 unique GI 
numbers included), and Glycogen (starch) synthase activity (19 unique GI numbers 
included). Based on this data, it can be concluded that functions of the starch 
granule-associated proteins are rather conserved and are deemed to play roles in the 
biosynthesis and accumulation of starch granules. 
According to their involved biological processes, the 13 unique proteins were also 
classified into 8 groups (Fig. S2B). Similar to the functional distribution, this 
biological process categorization showed similar pattern that maintained 
characteristics of conserved functions to starch granule biosynthesis and accumulation. 
In detail, 7 biological process groups contained all 13 unique proteins. These were 
Carbohydrate biosynthetic process, Cellular carbohydrate metabolic process, Cellular 
macromolecule metabolic process, Macromolecule biosynthetic, Carbohydrate 
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derivative metabolic, Carbohydrate metabolic process, and Polysaccharide metabolic 
process. The eighth category that involves amylopectin metabolic process was rather 
interesting in that it only contained one very specific protein starch synthase I-1 
(unique GI number gi|9369334).. 
Comparative proteome analysis of A- and B-type starch granules associated 
proteins from bread wheat  
Through 2-DE maps, a total of 183 differential spots were found, of which 55 spots 
were having at least 2-fold difference in abundances. Out of the 55 spots, 50 were 
identified by MALDI-TOF/TOF-MS. Among these, , 29 spots had higher abundance 
in A-type than in B-type and 21 spots were lower in A-type than in B-type (Fig. 4A 
and 4B, Fig. 4D-a and 4D-b, Fig. 5A and 5B). The 29 A-type up-accumulated spots 
included eight granule bound starch synthases (spots 96, 99, 100, 104, 105, 131, 132, 
and 137), five granule-bound starch synthase precursors (spots 114, 123, 124, 126, 
and 127), three granule-bound starch synthase WX-TmA proteins (spots 84, 91, and 
108), three granule-bound starch synthase partials (spots 111, 116, and 121), four 
starch synthase IIa-3s (spots 93, 94, 95, and 129), and six single spots including starch 
synthase (GBSSI, spot 87), waxy protein (spot 97), waxy A1 partial (spot 115), waxy 
B1 (spot 112), waxy D1 partial (spot 85), and starch synthase IIa-1 (spot 88). The 21 
A-type down-accumulated spots included ten spots identified as granule bound starch 
synthase (spots 98, 102, 103, 106, 107, 118, 130, 133, 135, and 136), two spots (83 
and 109) as granule-bound starch synthase precursor, three as granule-bound starch 
synthase WX-TmA protein (spots 90, 117, and 120), two as starch synthase (GBSSI, 
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spots 110, and 128), two as starch synthaseIIa-3 (spots 92 and 134), one as granule 
bound starch synthase partial (spot 86), and one waxy protein (spot 113). 
Comparative proteome analysis of starch granule-associated proteins between 
bread wheat and Aegilops species 
Focusing on the A-type starch granule-associated proteome, a total of 91 differential 
spots between the two species were found from gels. Among these, 49 spots had at 
least 2-fold abundance differences and were chosen for protein identification. As the 
result, 41 of these spots were identified. Examining the relative abundance, only 5 
spots among 41 were higher in the A-type of CB037A than that of PI330483 and the 
remaining 36 spots were higher in the A-type of PI330483 than that of CB037A (Fig. 
4A and 4C, Fig. 4D-a and 4D-c, Fig. 5A and 5C). These five identified spots that were 
up-accumulated in the A-type starch granule from CB037A were granule-bound starch 
synthase precursor (spot 162), granule bound starch synthase (spots 144 and 173), 
granule bound starch synthase I (spot 164), and waxy protein (spot 175). The 36 
down-accumulated spots in CB037A were granule-bound starch synthase precursor 
(spots 109, 146, 150, 154, 157, and 161), granule bound starch synthase partial (spots 
152, 153, 156, 159, 168, and 169), granule bound starch synthase (spots 145, 147, 148, 
149, 155, 170, 179, 180, and 181), granule bound starch synthase 1 (spot 151), starch 
synthase (GBSSI) (spot 142), waxy A1 partial(spots 158 and 166), waxy D1 partial 
(spot 171), starch synthase I-1 (spots 138, 139, 140, 141, 143, and 178), and starch 
synthase IIa-3 (spots 92 and 177).  
Between the A-type starch granules from PI330483 and the B-type starch granule 
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from CB037A, a total of 70 differential spots were found, of which 24 had at least 
2-fold differences in abundance and were selected for protein identification, resulting 
in 23 spots being identified. In terms of the relative abundance of these 23 spots, the 
data was similar to the A-type starch granule comparison between the two species. 
Only 5 spots were higher in the B-type from CB037A than the A-type from PI330483, 
and 18 spots were higher in the A-type from PI330483 than the B-type from CB037A 
(Fig. 4C and 4B, Fig. 4D-c and 4D-b and Fig. 5C and 5B). In detail, the five spots 
were granule-bound starch synthase precursor (spot 124), granule-bound starch 
synthase partial (spots 153 and 169), starch synthase I-1 (spot 178), and starch 
synthase IIa-3 (spot 182). The 18 spots down-accumulated in the B-type from 
CB037A compared with the A-type from PI330483 were identified as granule-bound 
starch synthase precursor (spots 109, 123, and 157), granule-bound starch synthase 
partial (spots 121, 152, and 168), granule-bound starch synthase (spots 136, 170, 179, 
181, and 184), starch synthase (GBSSI) (spot 183), waxy A1 partial (spot 158), starch 
synthase I-1 (spots 138, 139, 140, 141, and 177), and starch synthase IIa-3 (spot 177). 
Phosphorylation of A- and B-type starch granule-associated proteins 
Many protein spots showed as a line in 2-DE gels (Fig. 4D and Fig. 6), indicating that 
these proteins had the same molecular weight but different isoelectric points, which is 
a typical phenomenon during 2-DE protein separation, which is resulted from 
phosphorylation modification. The lined spots were mainly located in three zones of 
the 2-DE gels (Fig. 4D, Fig. 6A, and Fig. 6B). In Fig. 4D, proteins appeared in this 
zone exhibited two evident lines and were extracted from the A-type granules of 
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CB037A and identified as starch synthase IIa-3 (Fig. 4D-a). The line shape did not 
show up clearly in the corresponding zone of the other two gels (the B-type granules 
of CB037A and the A-type granules from PI330483. Fig. 4D-b and Fig. 4D-c, 
respectively). This indicates that the expression variation of these spots in the same 
cell environment may affect the starch granule size. In Fig. 6A, these proteins were 
identified as two different proteins including starch synthase I-1 (spots 138, 139, 140, 
141, 142, 143, and 178) and granule bound starch synthase (spots 96, 98, 99, 102, 103, 
130, 131, 132, and 133). Interestingly, analysis by ImageMaster 2D Platinum 
Software showed that a total of 7 spots of starch synthase I-1 can be found in two gels 
(Fig. 6A-a and Fig. 6A-c) that corresponded to proteins extracted from the A-type 
granules of both genotypes. However, in Fig. 6A-b, these extracted from the B-type 
granules of CB037A only had 5 spots (spots 138, 139, 140, 141, and 178) appeared as 
a line without other two spots (spots 142 and 143). The granule bound starch synthase 
showed a similar pattern as the starch synthase I-1. However, all these 9 spots did not 
show up in the third gel for proteins extracted from the A-type granule of PI330483 
(Fig. 6A-c). Comparing the two protein extracts from the A- and B-type of CB037A 
(Fig. 6A-a and 6A-b, respectively), differences were only observed between the 
protein expression levels shown as up-accumulation or down-accumulation; no 
differences were found in the protein spot numbers and types. In the last zone 
corresponding to the granule-bound starch synthase (GBSS), 12 spots were detected 
(spots 40, 41, 135, 136, 144, 145, 147, 148, 179, 180, 181, and 184) in the A- and 
B-granules from the common wheat CB037A (Fig. 6B-a and 6B-b). In comparison, 
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only 11 spots (missing spot 136) were detected in the A-type granules from PI330483 
(Fig. 6B-c). 
The results LC-MS/MS identification of protein phosphorylation modification 
indicated that granule-bound starch synthase (GBSS) and starch synthase I-1 (SSI-1) 
had phosphorylation with the modification sites differing between the two types of 
starch granules. In detail, for CB037A, the GBSS had one modified amino acid 
residue threonine at position 183 (T183) in the A-type starch granules and one modified 
amino acid residue tyrosine at position 185 (Y185) in the B-type starch granules. In the 
A-type starch granules from PI330483, the GBSS was detected with two amino acid 
residue phosphorylations at threonine (T183) and tyrosine (Y185). Interestingly, for 
SSI-1, one amino acid residue was detected with phosphorylation modification at 
serine (S140) in the B-type starch granules of CB037A. However, no phosphorylation 
was detected in the A-type starch granules from either species. Based on these results, 
3-dimension structures of these three enzymes were predicted (Fig. 7) through an 
online program (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id= index). 
Transcriptional expression patterns of starch biosynthesis related genes during 
grain development  
In order to explore the changes in transcriptional level of the core gene that involve 
starch granules synthesis, 12 unique genes from NCBI in relation to starch 
biosynthesis were chosen for transcriptional analysis by qRT-PCR (Fig. 8), including 
5 DEPs that were identified in the current study. The transcriptional expression 
patterns of these genes were divided into three groups. The first group showed an 
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initial up-regulation followed by a down-regulation trend, which was consistent 
between CB037A and PI330483. This group consisted of genes encoding SSIIa-1, 
SSIIa-3, SBEI, AGPase small subunit, and Waxy B1. It is worth noting that the Waxy 
B1 gene showed a slight down-regulation in the middle grain development period at 
17 DPA. The second group included three genes encoding SSI-1, Pull, and Iso. It 
showed an interesting phenomenon that the relative abundances were significant 
down-regulated to an almost undetectable level in certain developmental periods 
(such as 11 DPA, 14 DPA, and 17 DPA), and these three genes displayed similar 
trends between the two species. The third group consisted of SBEIIa, SBEIIb, 
WaxyD1, and AGPase larger subunit. Interestingly, the expression patterns of these 
genes were significantly different between the two species. 
A number of genes underwent a significant up-regulation at the transcription level 
during the growth periods from 11 DPA to 17 DPA. In common wheat CB037A, SSI-1 
gene showed a significant down-regulation at 11 DPA before a significant 
up-regulation (the relative abundance of 14 DPA was 3.17 folds of that of 5 DPA and 
nearly 300 folds of that of 11 DPA). The Pull and Iso coding genes showed a similar 
pattern. The relative abundance of Pull at 14 DPA was up regulated nearly 1500 folds 
comparing with 11 DPA and 4.36 folds of that of 5 DPA. The relative abundance of 
Iso at 14 DPA showed nearly 400 folds increase than that of 11 DPA and 2.94 folds of 
that of 5 DPA. SBEI gene also exhibited a similar pattern as the other three genes with 
the transcription level at 14 DPA being 5.62 folds of that of 5 DPA and 63 folds of 11 
DPA. In addition, it showed another expression peak at 20 DPA with 12.17 folds of 
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that of 5 DPA and nearly 140 folds increase in comparison with 11 DPA. SBEIIa as an 
isoform of SBEI did not show a significant up- or down-regulation, instead, it showed 
an opposite regulation pattern between CB037A and PI330483. It expressed a slight 
up-regulation followed by a down-regulation in the later development period in 
CB037A, while it underwent a down-regulation in the whole growth period in 
PI330483. Another special gene is SSIIa-3 gene, which did not have a significant 
change during the whole growth period in CB037A but showed a significant 
up-regulation at the early period and significant down-regulation at 17 DPA and 
remained the low expression at the later period in PI330483. 
DISCUSSION  
In the current study, an initial focus was placed to improve the efficiency in the 
isolation of starch granules and their associated proteins in terms of both purity and 
yield. Differential expression of various relevant genes was then studied at the 
translation level. Post-translation phosphorylation of key proteins in relation to starch 
granule synthesis was also addressed. qRT-PCR was used to compare the results 
between the transcription and translation levels (Fig. 9). 
An efficient and economic method of starch granule and associated protein 
extraction and separation for proteome analysis 
It is essential to obtain a high yield of both type starch granules and their associated 
proteins for efficiently studying the underlying biological mechanism. However, 
previous studies have demonstrated that it is difficult to achieve this goal since 
acquisition of high quantity and quality of starch granules and starch 
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granule-associated proteins is problematic. In the current study, a significant effort has 
been focused on refining the existing methodologies in extraction and separation of 
starch granules and starch granule-associated proteins. As a result, an efficient and 
low cost method was established through modifying the method outlined by Bancel et 
al. [11] and Peng et al. [56]. For the A- and B-type granules separation, we used 70% 
percoll solution twice to separate the B-type granule from mixture to increase the 
B-type granule extraction efficiency. This is followed by 100% percoll solution 
treatment for one time to thoroughly remove the remaining granules with the 
diameters less than 10 µm. Comparing with the method by Bancel et al. [11] that used 
70% percoll once and 100% percoll twice, our method significant improved the 
efficiency of B-type starch granule extraction with lower usage of percoll solution that 
is of higher cost. For starch granule-associated protein extraction, instead of using 20 
W power by Bancel et al. [11], we treated the samples at 200 W for 20 s under 
sonicate machine to maximize the release of granule-association proteins., In order to 
achieve a high yield and purity of the protein extracts during the removal of the high 
concentration viscous polysaccharide contamination, we extended the time of proteins 
resolving to overnight at 4°C. In addition to these alterations, we also cut the raw 
protein product from the first step into small pieces before adding dense SDS buffer 
with equivalent volume of tris-saturated phenol. Our method is suitable for working 
with a large amount of wheat flour samples (10 grams) and can efficiently extract the 
starch granules and starch granule-associated proteins with a high purity (Fig. 1). By 
analyzing 100 starch granules, the average diameters of the extracted A-type granules 
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in our study were 20.72 µm and the B-type granule were 3.79 µm (Fig. 1C). This data 
highly reveals that the quality and quantity of both types starch granules and starch 
granule-associated proteins extracted through this method could reach the demand for 
further experiments and analysis. 
Differential expression and phosphorylation between A- and B-type starch 
granule-associated proteins  
Differences between the A- and B-type starch granules are not only appeared in their 
shapes but also in the physicochemical properties [3, 4, 6] including differential 
associating proteomes. Comparison between the A- and B-type starch granules in the 
proteomics aspects was rarely reported. In the current study, after efficiently isolation 
of high quantity and purity of starch granule-associated proteins, we detected 190 
DEPs with a minimum of 2-fold difference in abundances and successfully identified 
119 of them by mass spectrometric (MALDI-TOF/TOF-MS). The results 
demonstrated that the main differences were at the expression levels of proteins while 
the protein compositions were largely similar between different types of starch 
granules and between different species. This is especially true when comparing the 
enzymes responsible for amylose and amylopectin synthesis between the A- and 
B-type starch granules in CB037A in that only slightly higher expression was 
observed in the A-type starch granule than that in the B-type starch granule. This may 
be resulted from the fact that both types of the starch granules are in the same 
endosperm hence the same cellular environment. Opposite to this, analysis between 
the two species showed dramatic differences between their A-type starch granules and 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 30 
between the A-type starch granule in PI330483 and the B-type starch granule in 
CB037A. The two main starch synthases (SS and GBSS) both expressed significantly 
higher in PI330483. These results indicated that large granule size is associated with 
higher activities of multiple starch biosynthesis enzymes. 
Protein post-translational modification is a common phenomenon in plants and 
protein phosphorylation is the main modification type. A previous study in wheat 
suggested that starch synthase SSIIa and three forms of starch branching enzymes 
(SBE) including SBEI, SBEIIa, and SBEIIb are phosphorylated in amyloplasts and 
control the starch anabolism and catabolism through wide protein-protein interactions 
[41]. Another research suggested that the loss of Pho1 causes starch granules to turn to 
small in size and modified the amylopectin structure in rice by the Pho1 mutation [64]. 
Our research identified that two starch synthases, GBSS and SSI-1, were 
phosphorylated, and the modified amino acid residues were significant different 
between the two starch granules types. This indicated that the modification level 
difference between the A- and B-type starch granules may play a key role in starch 
granule differential biosynthesis. 
Combining the results between protein differential expression and 
phosphorylation in normal wheat CB037A, the protein relative expression was lower 
in the B-type starch granules than that in the A-type starch granules, but the 
phosphorylation modification level of the B-type was higher than that in the A-type 
starch granules. These results indicated that the enzyme activity enhancement by 
phosphorylation modification may be related to the B-type starch granule formation. 
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A possible differential biosynthesis mechanism of the A- and B-type starch 
granules  
The main component of starch granule is amylopectin and amylose with low 
proportion of intermediate components and non-starch molecules (bound phosphates 
and lipids etc). For the structure, starch granule accumulated as a semi-crystalline 
structure divided to two zones including crystalline lamella zone sedimented by 
amylopectin and amorphous lamella zone sedimented by amylose. The crystalline 
structure of starch granules is highly conserved in plants at the molecular and 
microscopic levels [65]. In terms of the structure difference between the A- and 
B-type granules, the blocklets structure model was well proposed [66,67], which 
focuses on amylopectin in that its branch-structure of the A- and B-type granules were 
consisted of short chains (include A and B1 chains) and long chains (include B2 and 
longer chains). Comparing with the B-type granules, amylopectin molecules of the 
A-type granules consisted of more long chains but less short chains, resulting in the 
A-type granule to have a lenticular shape while the B-type a spherical shape. 
The core pathway of starch synthesis consists of series of events starting with 
ADPGlc, the immediate soluble precursor of starch synthesis, and ending with the 
formation of a starch granule [68, 69]. The starch granule biosynthesis is the result of 
the coordinated actions of enzyme classes including AGPase, SS, GBSS, SBE, and 
DBE [16]. Rice mutant lines ssI and ss3a were found with increased activities of 
granule-bound starch synthase I (GBSSI) and ADP-glucose pyrophosphorylase 
(AGPase), suggesting that at least SSI or SSIIIa is required for starch biosynthesis in 
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rice endosperm [70]. Protein-protein interaction among SS and BE isozymes in 
endosperm form wheat [40, 71] and maize [72] was reported recently. These strongly 
suggest that each enzyme involved in starch biosynthesis operates as part of the 
functional multi-protein complexes; some enzymes’ functions could be replaced by 
their isoforms and widely occurred protein-protein interactions. 
There are successive steps involved in the biogenesis of starch granules in plant 
amyloplasts, including formation of the small starch granule nuclei and production of 
mature granules by deposition of starch molecules onto the nuclei. The biosynthesis of 
A- and B-type starch granules in developing wheat endosperm can be regulated by 
interaction of the two stages [40]. A recent study [9] further revealed that the first 
stage can be divided to two periods, one appears before 15 DPA and the other occurs 
after 15 DPA. During the second stage, the A-type granules can grow larger than 10 
µm in diameter, but the B-type granules lack this ability and remain small (diameter 
less than 10 µm). Our results are highly consistent with the previous reports (Fig. 1, 
Fig. 2 and Fig. 3). 
Combining the literature and the results from the current study (Table. 2), a 
mechanism about the differential biosynthesis of the A- and B-type starch granules 
can be proposed focusing on the procedure of starch granule formation form 
ADP-glucose to amylose and amylopectin. In the first period of grain growth (5 DPA). 
Significantly different patterns for some starch synthases between the two species at 
the transcription level started to appear during the period between 11 DPA and 17 
DPA, when genes including SSI-1, SBEI, Pull, and Iso underwent a significant 
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up-regulation in CB037A in comparison with PI330483. In addition, phosphorylation 
of SSI-1 occurred only in the B-type starch granules. The function of SSI-1 is 
primarily responsible for the synthesis of the shortest glucan chains with a DP around 
10 glucosyl units or less [16, 73], while further extension of longer chains is the 
function of SSII and SSIII. SBEI is responsible for synthesis of new branch chain by 
cleaving internal α-(1-4) bonds and transferring the released reducing ends to C6 
hydroxyls to form the branched structure of the amylopectin molecule. The gene 
ontology (GO) annotation analysis revealed that the amylopectin metabolic process 
category only contained one single GI number that represent the unique protein of 
SSI-1, indicating its unique role in the formation of different types of starch granules. 
The two debranching enzymes Pull and Iso are two isoforms of the DBE family and 
are specifically responsible for efficiently hydrolyzing α-(1-6)-linkages in 
amylopectin. Pullulanase functions in removing incorrect branching [74], and 
isoamylase plays a crucial role in starch granule initiation [75, 76]. The period 
between 11 DPA and 17 DPA are critical for the B-type starch granule synthesis 
initialization and growth. [16] It can be speculated that high level transcriptions plus 
post-translation phosphorylation of these genes may be responsible for the 
significantly increases of the proportion of short chains (include A and B1 chains) and 
finally synthesize B-type amylopectin with more short chains and less long chains. 
These B-type amylopectins are then assembled to the B-type starch granules. In the 
later period, the B-type starch granule remains a small size and only the A-type starch 
granule continues the growth.  
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CONCLUSIONS 
In this study, we improved the method for starch granule extraction and separation. A 
method for obtaining high purity and yield starch-associated proteins was also 
established. We proposed a differential biosynthesis mechanism between the A- and 
B-type starch granules. Meanwhile, we also found that the coordinated multiple 
enzyme activities are responsible for the starch granule size; large granule size is 
associated with higher activities of multiple starch biosynthesis enzymes (Table 2). 
The phosphorylation of starch biosynthesis enzymes, especially SSI-1, is likely to be 
related to the formation of B-type starch granules.  
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Fig. 1 - Microscopic images of starch granules. (A) starch granules stained by 
iodine solution and observed under optical microscope. (A-a) raw starch 
granules from CB037A which include both A-and B-type starch granules; (A-b) 
raw starch granules from PI330483 that only has the A-type starch granules; 
(A-c) pure A-type starch granules from CB037A; (A-d): pure B-type starch 
granules from CB037A. (B) starch granules observed under SEM. (B-a) raw 
starch granules from CB037A which include both A-and B-type starch granules; 
(B-b) raw starch granules from PI330483 which only has the A-type starch 
granules; (B-c) pure A-type starch granules from CB037A; (B-d) pure B-type 
starch granules from CB037A. C the average diameter of each type starch 
granule by averaging 100 single starch granule. (C-c) the diameter of the A-type 
starch granule from PI330483; (C-a) the diameter of the A-type starch granule 
from CB037A; (C-b) the diameter of the B-type starch granule from CB037A. (D) 
Average diameters for each type starch granule through the whole growth period 
(calculated by averaging 100 single starch granule). (D-c) A-type starch granule 
from PI330483; (D-a) A-type starch granule from CB037A; (D-b) B-type starch 
granule from CB037A. Bar scale is 10 μm in A and 5 μm for each grid in B. 
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A-type starch granules are pointed out by blue arrow; B-type starch granules are 
pointed out by red arrow; C-type starch granules are pointed out by black arrow. 
The unit for average diameter is μm. 
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Fig. 2 - Dynamic development pattern of two types of seeds. Seeds observed 
under stereoscopic microscope and the starch granule inner endosperm by SEM. 
(A) CB037A. (B) PI330483. A-type starch granules are pointed out by blue arrow; 
B-type starch granules are pointed out by red arrow, C-type starch granules are 
pointed out by black arrow. Bar scale is 10 μm for SEM and 1000 μm for 
stereoscopic microscope. 
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Fig. 3 - Dynamic development pattern of two types of seeds that observed by 
light microscope (semi-thin slices). Samples were stained by CBB as a indirect 
stain method on semi-thin slices. (A) CB037A. (B) PI330483. A-type starch 
granules are indicated by blue arrow, B-type starch granules are indicated by red 
arrow, C-type starch granules are pointed out by black arrow, and the green 
arrow point to the protein body that show a blue color under CBB staining. Bar 
scale is 10 μm as shown. 
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Fig. 4 - 2-DE maps of starch granule-associated proteins. (A, B, and C) IEF steps 
using the linear gradient IPG strips with 18 cm in length and pH gradient of 4-7. 
(D) IEF step using the linear gradient IPG strips with 18 cm in length and pH 
gradient of 5.3-6.5. (A) A-type starch granule-associated proteins from CB037A. 
(B) B-type starch granule-associated proteins from CB037A. (C) A-type starch 
granule-associated proteins from PI330483. (D-a) A-type starch 
granule-associated proteins from CB037A; (D-b) B-type starch 
granule-associated proteins from CB037A; (D-c) A-type starch 
granule-associated proteins from PI330483. Protein samples (50 μg) were 
separated on standard 2-DE as preparative gels. All gels were stained with silver 
ion. The proteins were identified by MALDI-TOF/TOF-MS. 
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Fig. 5 - 2-DE maps of starch granule-associated proteins of the IEF step using the 
non-linear gradient IPG strips with 24 cm in length and pH gradient of 3-7. (A) 
samples from the A-type starch granules of CB037A. (B) samples from the B-type 
starch granules of CB037A. (C) samples from the A-type starch granule of 
PI330483. Protein samples (100 μg) were separated on standard 2-DE as 
preparative gels. All gels were stained with silver ion. The proteins were 
identified by MALDI-TOF/TOF-MS. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 51 
 
Fig. 6 - The enlarged image of special region on the 2-DE maps of Fig. 5. (A-a 
and B-a) images from Fig. 5A. (A-b and B-b) images from Fig. 5B. (A-c and B-c) 
images from Fig. 5C. 
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Fig. 7 - Predicted 3-dimetional structure of granule-bound starch synthase and 
starch synthaseI-1. (A) granule-bound starch synthase of the A-type starch 
granule from CB037A. (B) granule-bound starch synthase of the B-type starch 
granule from CB037A. (C) granule-bound starch synthase of the A-type starch 
granule from PI330483. (D) starch synthaseI-1 of the B-type starch granule from 
CB037A. (E) phosphopeptide MS/MS spectra map (one phosphopeptide). T: 
threonine, Y: tyrosine, S: serine. Numbers stand for the amino acid position 
number in the sequence. 
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Fig. 8 - The dynamic expression pattern of core enzyme relative to the 
biosynthesis of starch granule at the transcription level. Y-axis is the relative 
abundance value comparing to 5 DPA that was set to 1. 
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Fig. 9 - Experimental procedures adapted in the current study. 
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Table 1 - Sequences of specific primers used for q-RT PCR 
Genes Name 
Abbreviation 
Forward primer (5'-3') Reverse primer (5'-3') 
SSI-1 GGTGAAGCTGCTCCTTATGC CCCCAAAGCATGGAATCTTA 
SSIIa-1 GGTCGTTGTCGAAGAAGCTC GGAGTCGTGATTCTGGTGGT 
SSIIa-3 GGTGCAAAACAGGTGGTCTT GGAAGAGAGGAGCGTCAATG 
Waxy B1 ATCTGGACGTCCTCCTCCTT ACGAACACGAGGTTCATGC 
Waxy D1 GGCCGTAAGCTAGACAGCAC GATCGTTAAAGTCGCGGGTA 
SBEI GGCCCAGTACAACGATCACT CTTTGACACGAGTGGCTTCA 
SBEIIa TCGTGGCATAGCATTACAT GAGTTTGCGGACCTCTTG 
SBEIIb CGTATCTCGGAAACATGAGGA TGTTGTCAAGCGGATGTTCG 
AGPase small subunit GGTGTGAAATGTGTGCCAAG TTCGCCTAAGTGCATCACAG 
AGPaselarter subunit CACATCACGCAGAAACCTACC TGGAGCCTATCCGAGAACG 
Pull  TCATCTCCGCTTTTTCGTCT TACTTCGTGCGGACACACAT 
Iso TCTGACTTGCACCGATTCTG TCTCGCCCTGTCTTTCATCT 
ADP-RF GCTCTCCAACAACATTGCCAAC GCTTCTGCCTGTCACATACGC 
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Table 2 - Summary of the expression differences of key enzymes and genes 
Protein Name Relative Expression 
CB037A PI330483 
A-type B-type A-type 
granule-bound starch synthase precursor 4.42 1 11.76 
granule bound starch synthase, partial 19.73 1 24.95 
granule bound starch synthase 1 13.36 158.98 
granule bound starch synthase I 2.91 --- 1 
granule-bound starch synthase WX-TmA 
protein 
4.40 1 --- 
starch synthase (GBSSI) 1 2.24 4.93 
waxy protein 1 1.43 --- 
waxy A1, partial 2.28 1 4.02 
waxy B1 2.40 1 --- 
waxy D1, partial 4.18 1 8.57 
starch synthase I-1 1 1.51 24.43 
starch synthase IIa-1 2.33 1 13.41 
starch synthase IIa-3 1.12 1 2.57 
Gene Name Relative Expression 
CB037A PI330483 
AGPase larger subunit 
  
AGPase small subunit 
  
SSI-1 
  
SSIIa-1 
  
SSIIa-3 
  
Waxy B1 
  
Waxy D1 
  
SBEI 
  
SBEIIa 
  
SBEIIb 
  
Iso 
  
Pull 
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Biological significance 
Analysed the proteome, transcriptome and phosphorylation of core starch granule 
biosynthesis enzymes and provided new insights into the differential mechanisms 
underlying the A- and B-type starch granules biosyntheses.  
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Graphical abstract 
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Highlights: 
1. A highly efficient method for starch granule extraction and separation was 
developed. 
2. A method for obtaining high purity starch-associated proteins was established. 
3. Expression SSI-1, Pull, Iso and SBEIIa had significant difference between wheat 
species. 
4. Large granule is associated with higher activities of multiple starch synthesis 
enzymes. 
5. The phosphorylation of SSI-1 is likely to be related with the formation of B-type 
granules. 
